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Enhancing the resolution of 1H and 13C solid-state NMR spectra by
reduction of anisotropic bulk magnetic susceptibility broadening
Abstract
We demonstrate that natural isotopic abundance 2D heteronuclear correlation (HETCOR) solid-state NMR
spectra can be used to significantly reduce or eliminate the broadening of 1H and 13C solid-state NMR
spectra of organic solids due to anisotropic bulk magnetic susceptibility (ABMS). ABMS often manifests in
solids with aromatic groups, such as active pharmaceutical ingredients (APIs), and inhomogeneously
broadens the NMR peaks of all nuclei in the sample. Inhomogeneous peaks with full widths at half maximum
(FWHM) of ∼1 ppm typically result from ABMS broadening and the low spectral resolution impedes the
analysis of solid-state NMR spectra. ABMS broadening of solid-state NMR spectra has previously been
eliminated using 2D multiple-quantum correlation experiments, or by performing NMR experiments on
diluted materials or single crystals. However, these experiments are often infeasible due to their poor
sensitivity and/or provide limited gains in resolution. 2D 1H–13C HETCOR experiments have previously
been applied to reduce susceptibility broadening in paramagnetic solids and we show that this strategy can
significantly reduce ABMS broadening in diamagnetic organic solids. Comparisons of 1D solid-state NMR
spectra and 1H and 13C solid-state NMR spectra obtained from 2D 1H–13C HETCOR NMR spectra show
that the HETCOR spectrum directly increases resolution by a factor of 1.5 to 8. The direct gain in resolution is
determined by the ratio of the inhomogeneous 13C/1H linewidth to the homogeneous 1H linewidth, with
the former depending on the magnitude of the ABMS broadening and the strength of the applied field and the
latter on the efficiency of homonuclear decoupling. The direct gains in resolution obtained using the 2D
HETCOR experiments are better than that obtained by dilution. For solids with long proton longitudinal
relaxation times, dynamic nuclear polarization (DNP) was applied to enhance sensitivity and enable the
acquisition of 2D 1H–13C HETCOR NMR spectra. 2D 1H–13C HETCOR experiments were applied to
resolve and partially assign the NMR signals of the form I and form II polymorphs of aspirin in a sample
containing both forms. These findings have important implications for ultra-high field NMR experiments,
optimization of decoupling schemes and assessment of the fundamental limits on the resolution of solid-state
NMR spectra.
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ABSTRACT 
We demonstrate that natural isotopic abundance 2D heteronuclear correlation (HETCOR) solid-
state NMR spectra can be used to significantly reduce or eliminate the broadening of 1H and 13C 
solid-state NMR spectra of organic solids by anisotropic bulk magnetic susceptibility (ABMS). 
ABMS often manifests in solids with aromatic groups, such as active pharmaceutical ingredients 
(APIs), and inhomogeneously broadens the NMR peaks of all nuclei in the sample. 
Inhomogeneous peaks with full widths at half maximum (FWHM) of ca. 1 ppm typically result 
from ABMS broadening and the low spectral resolution impedes the analysis of solid-sate NMR 
spectra. ABMS broadening of solid-state NMR spectra has previously been eliminated with 2D 
multiple-quantum correlation experiments, or by performing NMR experiments on dilute 
materials or single crystals. However, these experiments are often infeasible due to poor 
sensitivity and/or provide limited gains in resolution. 2D 1H-13C HETCOR experiments have 
previously been applied to reduce susceptibility broadening in paramagnetic solids and we show 
that this strategy can significantly reduce ABMS broadening in diamagnetic organic solids. 
Comparisons of 1D solid-state NMR spectra and 1H and 13C solid-state NMR spectra obtained 
from 2D 1H-13C HETCOR NMR spectra shows that the HETCOR spectrum directly increase 
resolution by factors of 1.5 to 8. The direct gain in resolution is determined by the ratio of the 
inhomogeneous 13C/1H linewidth and the homogeneous 1H linewidth, which depends upon the 
magnitude of the ABMS broadening and the strength of the applied field and the efficiency of 
the homonuclear decoupling, respectively. The direct gains in resolution obtained with the 2D 
HETCOR experiments are better than that obtained by dilution. For solids with long proton 
longitudinal relaxation times dynamic nuclear polarization (DNP) was applied to enhance 
sensitivity and enable the acquisition of 2D 1H-13C HETCOR NMR spectra. 2D 1H-13C 
HETCOR experiments were applied to resolve and partially assign the NMR signals of the form 
I and form II polymorphs of aspirin in a sample containing both forms. These findings have 
important implications for ultra-high field NMR experiments, optimization of decoupling 
schemes and for assessing the fundamental limits on the resolution of solid-state NMR spectra. 
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Introduction 
Solid-state NMR is a widely applied tool for the characterization of solid materials such as 
active pharmaceutical ingredients (APIs).1-4 However, the analysis of solid-state NMR spectra is 
often impeded by low spectral resolution. One mechanism that frequently reduces the resolution 
of solid-state NMR spectra of organic solids and APIs is anisotropic bulk magnetic susceptibility 
(ABMS) broadening.5-8 For samples affected by ABMS the full widths at half maximum 
(FWHM) of peaks in 13C solid-state NMR spectra are often on the order of 1 ppm,5-8 even in 
highly crystalline samples. This broadening often arises in APIs and organic solids that contain 
aromatic groups because the magnetic susceptibility is anisotropic; this means the susceptibility, 
the induced magnetic field, and consequently the isotropic chemical shift for a given crystallite 
in a powder depends upon its orientation with respect to the external magnetic field and the 
orientations of the neighboring crystallites.5-9 ABMS often causes substantial inhomogeneous 
broadening of the resonances of all nuclei in the sample (1H, 13C, 15N, 31P, etc.). Increasing the 
strength of the applied field often does not improve the resolution of 1D 1H and 13C solid-state 
NMR spectra ABMS broadening is inhomogeneous (constant in ppm). 
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ABMS broadening was first observed in the solid-state in the early days of high resolution 
solid-state NMR.5, 6 Garroway and co-workers observed and predicted many of the effects of 
ABMS broadening on solid-state NMR spectra such as the fact that magic angle spinning (MAS) 
cannot eliminate ABMS broadening, when ABMS is the dominant broadening mechanism all 
13C lines are broadened to a similar extent, solids with aromatic groups are likely to be most 
strongly affected by ABMS due to ring currents and ABMS broadening can be reduced by 
diluting the sample in a material with isotropic magnetic susceptibility.5 It has also been 
demonstrated that solid-state NMR experiments on single crystals can also reduce ABMS 
broadening.10, 11 Hexamethylbenzene (HMB) is the prototypical sample displaying ABMS 
broadening; both the methyl and aromatic carbon 13C peaks have a FWHM greater than 1 ppm, 
and the FWHM of the peaks (in ppm) is independent of the applied field (vide infra).5, 6, 12 
Substantial ABMS broadening has also been clearly observed in the 13C solid-state NMR spectra 
of porphyrins,10 glycine,11 metal-organic frameworks (MOF),13 APIs with aromatic groups such 
as ibuprofen7 and piroxicam HCl,14 the 19F solid-state NMR spectrum of octafluoronapthalene8 
and in the high resolution 1H solid-state NMR spectra of organic materials obtained with 
combined rotation and multiple pulse spectroscopy (CRAMPS)15 or ultrafast MAS (νr > 100 
kHz).16, 17 Paramagnetic materials also often show substantial susceptibility broadenings which 
can be on the order of 10 ppm.18 We were also able to identify several other solid-state NMR 
studies of APIs/organic solids containing aromatic rings where there is likely substantial ABMS 
broadening present,19-21 however, the ABMS broadening is not acknowledged or commented 
upon. Even in crystalline samples free of aromatic groups, ABMS broadening is predicted to be 
the ultimate factor that limits resolution at high magnetic fields,22 or when ultrafast MAS is 
applied to directly acquire 1H solid-state NMR spectra.17 It is possible to calculate the magnetic 
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susceptibility tensor with plane-wave DFT calculations and predict the magnitude of the ABMS 
broadening when the solid-state structure is known.8 
A number of solution and solid-state NMR methods have been proposed to eliminate or reduce 
susceptibility broadening, broadening from inhomogeneous magnetic fields, or even broadening 
from structural disorder.8, 23-39 Emsley and co-workers37, 38 and others8, 16 have previously shown 
that 2D double quantum-single quantum (DQ-SQ) or zero quantum-single quantum (ZQ-SQ) 
correlation solid-state NMR spectra can be used to reduce inhomogeneous broadening in solids 
due to susceptibility effects. ABMS will normally shift the resonances of the correlated spins 
observed in a DQ-SQ spectrum by the same amount leading to “correlated inhomogeneous 
broadening”, where the inhomogeneous broadening is dispersed along elongated/tilted cross-
peaks that have a slope determined by the coherence order ratio.37, 38 The ABMS broadening is 
then reduced or eliminated in the individual rows or columns of the 2D DQ-SQ spectrum. 
Alternatively the 2D DQ-SQ spectrum may be sheared to obtain a ZQ-SQ spectrum which gives 
an indirect dimension free of susceptibility broadening, or a high resolution direct dimension.37, 
38 In some favorable instances, inhomogeneous broadening from structural disorder can also be 
reduced or eliminated in a 2D DQ-SQ spectrum.37, 38 Unfortunately, 2D ZQ-SQ/DQ-SQ 
homonuclear correlation solid-state NMR experiments with natural abundance 13C are very 
challenging since sensitivity will be reduced by a factor of more than 100 compared to a standard 
1D NMR spectrum.  Therefore, alternative strategies for eliminating broadening from ABMS are 
required. 
Heteronuclear correlation (HETCOR) experiments have previously been used to reduce 
susceptibility broadening in solution NMR exepriments.23 Emsley and co-workers showed that 
the inhomogeneous paramagnetic susceptibility broadening on the order of 10 ppm observed in 
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an iron complex could be significantly reduced with 2D 1H-13C HETCOR solid-state NMR 
experiments.18 2D HETCOR experiments can reduce susceptibility broadening because 
heteronuclear spin pairs will experience the same local magnetic field. The resonance 
frequencies of correlated spin pairs will be shifted by the same amount which leads to correlated 
inhomogeneous broadening in a 2D spectrum.23 Susceptibility broadening then manifests as 
elongated/tilted cross-peaks in a 2D HETCOR spectrum.18 The individual rows/columns of the 
2D HETCOR spectrum will then show enhanced resolution as compared to the corresponding 
projections or 1D spectra (vide infra).18 Dybowski and co-workers have previously noted that 2D 
1H-13C CP-HETCOR spectra of piroxicam HCl obtained with FSLG homonuclear decoupling 
possessed tilted cross-peaks, likely due to correlated susceptibility broadening.14 More recently, 
Mali and co-workers applied 2D 1H-13C HETCOR solid-state NMR experiments without 
homonuclear decoupling to reduce a substantial ABMS broadening on the order of 3 ppm 
observed within a MOF containing aromatic linkers.13 The observation of tilted cross-peaks and 
enhanced resolution in the HETCOR spectrum proved that the peak broadening was due to 
ABMS rather than structural disorder.13  
Here we demonstrate that 2D 1H-13C CP-HETCOR experiments in combination with modern 
homonuclear decoupling schemes can be generally applied to reduce inhomogeneous ABMS 
broadening on the order of 1 ppm typically encountered in organic solids and APIs with aromatic 
groups. For samples with significant ABMS broadening, the 1H and 13C solid-state NMR spectra 
extracted from the 2D HETCOR spectrum show a substantial direct improvement in resolution, 
beyond that which can be obtained by dilution of the sample in a material with isotropic 
susceptibility. Systematic comparisons of 1D solid-state NMR spectra and 1H and 13C solid-state 
NMR spectra obtained from a 2D 1H-13C HETCOR NMR spectrum shows that the HETCOR 
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spectrum may directly increase spectral resolution by factors of up to 1.5 to 8 at applied 
magnetic fields of 9.4 T to 18.8 T. 2D 1H-13C CP-HETCOR experiments are advantageous for 
reducing ABMS broadening because they are frequently performed with natural 13C isotopic 
abundance and provide high resolution 1H solid-state NMR spectra. The main limitation on 
resolution in the HETCOR spectrum is likely the homogeneous proton linewidth under 
homonuclear decoupling. However, because the homogeneous proton linewidth is typically field 
independent the resolution of 2D 1H-13C HETCOR experiments can be used to improve 
resolution at high magnetic fields. 2D 1H-13C CP-HETCOR experiments are then applied to 
resolve the 1H and 13C NMR signals of a mixture of two polymorphic forms of aspirin. 
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Results and Discussion 
2D 
1
H-
13
C HETCOR Experiments on Hexamethylbenzene. First we apply 2D 1H-13C CP-
HETCOR solid-state NMR experiments to hexamethylbenzene (HMB) because it is well known 
that the 1H and 13C solid-state NMR spectra of HMB display substantial ABMS broadening,5, 6, 12 
and it is a commonly used  “setup sample” in many labs. Figure 1 shows 2D 1H-13C CP-
HETCOR spectra of HMB acquired at 9.4 T and 18.8 T. eDUMBO-122 homonuclear 
decoupling40 was applied during the 1H indirect dimension evolution time (t1) of the 2D 
HETCOR experiments. Homonuclear decoupling is critical to reduce the homogeneous 
linewidths of the 1H peaks and obtain high resolution HETCOR spectra. The 13C NMR spectra of 
HMB give peaks with a FWHM of ca. 1.0 ppm in the projections of the 13C dimension at both 
magnetic fields. At both magnetic fields, the 1H NMR peak of the methyl group in the 
projections of the 2D 1H-13C HETCOR spectra also have a FWHM of ca. 1 ppm. A 1D 13C 
CPMAS spectrum of HMB diluted in potassium bromide (ca. 10% HMB by volume) was also 
obtained to illustrate the effects on resolution of diluting HMB in a matrix with isotropic 
susceptibility (Figure S1). This diluted sample gives a 13C peak FWHM of 0.75 ppm, which 
represents about a factor 1.5 improvement in resolution compared to a 1D 13C solid-state NMR 
spectrum of pure HMB. The improvement in resolution upon dilution is consistent with 
previously reported solid-state NMR experiments on diluted samples.5, 7 The similarity of the 
FWHM of the 1H and 13C peaks in the HETCOR projections and the reduction in FWHM upon 
dilution in KBr confirms that ABMS is the primary broadening mechanism in HMB.  
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Figure 1. 2D 1H-13C dipolar HETCOR solid-state NMR spectra of hexamethylbenzene (HMB) acquired 
with eDUMBO-122 
1H homonuclear decoupling applied during the t1 evolution period. Spectra were 
acquired with external magnetic fields of (A) 9.4 T (23 minutes experiment time) and (B) 18.8 T (1.1 
hour experiment time). The MAS frequency was νr = 8928 Hz in both cases. The positive projections of 
the 2D spectrum are compared to individual rows and columns of the 2D experiments. The red lines 
overlaid on the projections and rows/columns are fits of the methyl peaks to a mixed Lorentzian/Gaussian 
function. The FWHM (∆) determined from the fit is indicated. The dashed green lines indicate the rows 
and columns used for resolution comparisons. Due to the reduction of ABMS broadening, the 
rows/columns have 3.6 and 7.1 times higher resolution than the corresponding projections for the 9.4 T 
and 18.8 T spectra, respectively.  
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Inspection of the 2D 1H-13C HETCOR spectra of HMB shows that they possess tilted cross-
peaks. The tilted cross-peaks arise because the peak positions of the correlated 1H and 13C spins 
will be shifted by the same amount in ppm by the ABMS broadening.13, 18 In order to quantify 
the direct gain in resolution provided by the HETCOR spectrum we have extracted the individual 
rows and columns of the 2D 1H-13C HETCOR spectrum and compared them with the 
corresponding projections.18 For example, at 9.4 T the methyl peak in the 13C NMR spectrum 
obtained from a single row of the 2D spectrum has a FWHM of 0.31 ppm, while the FWHM of 
the methyl 13C NMR peak is 1.12 ppm in the projection of the 2D spectrum (this is the same 
resolution observed in a 1D CPMAS spectrum). Similarly, the 1H NMR spectrum obtained from 
a single column of the 2D spectrum has a FWHM of 0.28 ppm, while the projection of the 1H 
dimension gives a FWHM of 1.13 ppm. Therefore, by reducing the ABMS broadening there is 
more than a factor 3.6 direct improvement in the resolution of the 1H and 13C NMR spectra 
obtained from the 2D HETCOR spectrum as compared to the corresponding projection of pure 
HMB. The 13C NMR spectrum obtained from a row of the 2D HETCOR spectrum also has more 
than 2 times better resolution than a 1D 13C CPMAS spectrum of a dilute sample (Figure S1). As 
an alternative to extracting individual slices from the 2D HETCOR spectrum, a shearing 
transformation could be applied to obtain 1H and 13C projections with improved spectral 
resolution (Figure S2). However, in samples with many peaks, single rows/columns of the 2D 
spectrum will likely give sub-spectra with better resolution since the homogeneous 1H linewidths 
will vary for different peaks in the spectrum (vide infra). More advanced deconvolution methods 
may also be applied to obtain a 2D spectrum with improved resolution.41, 42  
Importantly, a 2D HETCOR spectrum enables improved resolution to be realized at higher 
applied magnetic fields. Note that 1D 13C CPMAS or 1D 1H stroboscopic CRAMPS solid-state 
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NMR spectra of HMB will not show improved resolution at higher magnetic fields because the 
inhomogeneous ABMS broadening scales with the applied field. In the 18.8 T 2D 1H-13C CP-
HETCOR spectrum of HMB, the 1H and 13C peaks in the projections of the 2D spectrum once 
again show a FWHM of ca. 1 ppm because of the inhomogeneous ABMS broadening. The 1H 
and 13C NMR spectra extracted from slices of the 2D HETCOR spectrum acquired at 18.8 T now 
yield 1H and 13C NMR spectra with FWHM of the methyl peaks of only ca. 0.15 ppm. 
Comparison of the slices and projections illustrates that the 2D HETCOR spectrum provides a 
factor 7 direct improvement in resolution. These dramatic gains in resolution are possible 
because HMB has a constant and field independent 1H homogeneous linewidth of ca. 115 Hz 
under the application of 1H homonuclear decoupling. The small 1H homogeneous linewidth in 
HMB likely arises because the homonuclear 1H dipolar couplings are partially averaged both by 
rapid jumps/rotations of the HMB molecules about their six-fold rotational axis and by the 
rotation of the methyl groups about their three-fold rotational axis.   
In summary, the experiments on HMB at 9.4 T and 18.8 T illustrate that direct gain in 
resolution provided by 2D HETCOR experiments is given by the ratio of the inhomogeneous  
ABMS 13C/1H linewidth and the homogeneous 1H linewidth (∆inhom. ABMS/∆hom.), with the former 
determined by the magnitude of the ABMS broadening and the strength of the applied field and 
the latter determined by efficiency of the homonuclear decoupling. This is why the FWHM 
measured in ppm in the slices from the 18.8 T 2D HETCOR spectrum are about half of those 
measured in the slices from the 9.4 T 2D HETCOR spectrum. In rigid organic solids, the 
homogeneous 1H linewidth (∆hom) will likely be the factor that limits the resolution in the slices 
obtained from the 2D HETCOR spectrum (vide infra). 
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Figure 2. (A) 9.4 T DNP enhanced 2D 1H-13C dipolar HETCOR solid-state NMR spectrum of salicylic 
acid. The spectrum was acquired with eDUMBO-122 
1H homonuclear decoupling applied during the t1 
evolution period and a 2.5 ms CP contact time. The MAS frequency was νr = 8000 Hz. (B, C) The 
positive 13C and 1H projections of the 2D spectrum are compared to the 13C and 1H NMR spectra obtained 
from individual rows and columns of the 2D experiments. The red lines overlaid on the projections and 
slices are fits of the peaks to a mixed Lorentzian/Gaussian function. The average FWHM (∆) determined 
from the fit is indicated. The dashed green lines indicate the rows and columns used for resolution 
comparisons. The 13C and 1H NMR spectra from the slices have 2.7 and 2.3 times higher resolution than 
the corresponding projections, respectively. 
 
DNP Enhanced 2D 
1
H-
13
C HETCOR Experiments on Salicylic Acid. Figure 2A shows a 9.4 T 
DNP enhanced 2D 1H-13C HETCOR spectrum of finely ground crystalline salicylic acid. DNP 
was applied to enhance NMR sensitivity because salicylic acid has long proton longitudinal 
relaxation times (T1), which were estimated to be longer than 60 s at room temperature. We have 
used the remote spin diffusion DNP method43-46 to enhance the sensitivity of solid-state NMR 
experiments on salicylic acid. To prepare the salicylic acid for DNP experiments it was ground 
by hand with a mortar and pestle into a fine powder. The powder was then impregnated with a 16 
mM solution of the DNP polarizing agent TEKPol47 dissolved in 1,1,2,2-tetrachloroethane 
(TCE).48 Salicylic acid is insoluble in the TCE-biradical solution, therefore, the 1H nuclei in the 
interior of the salicylic acid crystallites are polarized by transport of DNP enhanced 1H 
polarization from the surface of the particles by proton spin diffusion.43, 44, 46 The 1H-13C CPMAS 
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DNP signal enhancement (εC CP) was estimated to be larger than a factor 75 for salicylic acid. 
The long proton T1 of salicylic acid at cryogenic temperatures enables high DNP enhancement to 
be obtained.43, 44  
 In the projection of the 13C direct dimension obtained from the 2D 1H-13C HETCOR spectrum 
of salicylic acid all of the 13C peak widths have a FWHM of ca. 1.2 ppm (Figure 2B). The 
projection of the homonuclear decoupled 1H indirect dimension displays peaks with a FWHM of 
ca. 1.3 ppm which is similar to FWHM observed for 13C (Figure 2C). The similar FWHM of the 
1H and 13C peaks confirms that ABMS is the primary inhomogeneous broadening mechanism. 
Once again, if single rows/columns of the 2D HETCOR spectrum are extracted then there is a 
dramatic improvement in the resolution of the 13C/1H NMR spectra. In the slices the FWHM is 
reduced to ca. 0.44 and 0.56 ppm for 13C and 1H peaks, respectively (see Table S1 for a detailed 
summary of 13C FWHM). This corresponds to a factor 2.7 and 2.3 improvement in resolution in 
comparison to the 13C and 1H NMR spectra obtained from projections. Note that a relatively long 
contact time of 2.5 ms was used for the 1H-13C CP step in the 2D HETCOR experiment time. 
Homonuclear 1H spin diffusion during the 2.5 ms CP contact pulse causes relayed polarization 
transfers and produces correlations between the hydroxyl proton at 9.8 ppm 1H chemical shift 
and all of the 13C resonances. This single row yields a high resolution 13C NMR spectrum which 
contains all peaks in the sample. If instead a row centered on the aromatic protons at 7.8 ppm 1H 
chemical shift is used, then the FWHM of the 13C peaks is around 0.8 ppm (Figure S3, Table S1). 
This is because the aromatic protons have a larger homogeneous 1H linewidth and there is also 
likely partial overlap of aromatic 1H signals with distinct isotropic chemical shifts. Both of these 
mechanisms will reduce the resolution of the individual rows/columns and the 2D HETCOR 
plot. This also highlights a limitation of using the 2D HETCOR spectrum to remove ABMS and 
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increase resolution; if a long contact time HETCOR experiment is used to obtain a single row 
with all 13C peaks, then the 1H signal that is used to obtain the 13C NMR spectrum should not 
overlap with any other 1H NMR signals. This may be challenging in complex molecules with 
many 1H NMR signals. Alternatively, selective 2D HETCOR spectra could be obtained with 
shorter contact times to provide an additional gain in resolution/dispersion, minimize 1H peak 
overlap and resolve overlapping 13C signals in either individual rows or on the 2D HETCOR 
plot. However, with short contact times it is impossible to obtain a single row/column with all of 
the 13C/1H signals.  
For salicylic acid the FWHM of the 1H and 13C peaks are around 0.5 ppm in the slices 
extracted from the 2D HETCOR spectrum. This is significantly lower resolution than was 
observed for HMB where 1H and 13C peaks with FWHM around 0.15 ppm were observed in the 
slices of the HETCOR spectrum. The increase in FWHM for salicylic acid as compared to HMB 
occurs because the homogeneous linewidth of the 1H peaks in the slices of the 2D HETCOR 
spectrum determines the resolution (in ppm) in both the 1H and 13C dimensions. As discussed 
above, there is substantial motional/dynamic averaging of the 1H homonuclear dipolar couplings 
in HMB. However, salicylic acid is a rigid crystalline solid, therefore, the increase in 
homogeneous 1H linewidths probably reflects stronger homonuclear 1H dipolar couplings in 
salicylic acid as compared to HMB. Highly optimized modern 1H CRAMPS solid-state NMR 
spectra typically give 1H peaks with homogeneous linewidths around 200 Hz in rigid crystalline 
organic solids (0.5 ppm at 9.4 T).40, 49-52  
DNP Enhanced Solid-State NMR Experiments on Salicylic Acid Diluted in Lactose. DNP 
enhanced solid-state NMR experiments were also performed on salicylic acid diluted into lactose 
to determine if 2D HETCOR experiments on pure salicylic acid or a 1D 13C CPMAS experiment 
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on the diluted sample provides better resolution and sensitivity. Salicylic acid was approximately 
10% of the volume of solid material in the diluted sample. For dilute salicylic acid the average 
FWHM of the 13C peaks in a 1D CPMAS spectrum was 0.65 ppm (Figure 2B), which represents 
nearly a two-fold improvement in spectral resolution as compared to the pure salicylic acid 
sample (average 13C peak FWHM of 1.21 ppm). We note that the 1D 13C CPMAS spectrum of 
the 10% diluted sample could be obtained in a shorter experiment time than the 2D HETCOR 
spectrum of the pure sample. The absolute sensitivity was more than five times higher for 1D 13C 
CPMAS experiments on the dilute salicylic acid sample as compared to the 2D HETCOR 
experiments on the pure salicylic acid (Figure S3). The reduced sensitivity for the HETCOR 
experiment occurs because non-optimal recycle delays were used to reduce the experiment time 
of the HETCOR experiment and 2D acquisition normally results in a significant sensitivity loss 
due to signal decay in the indirect dimension. However, with the high sensitivity provided by 
DNP it was possible to obtain a high quality 2D 1H-13C CP-HETCOR spectrum of the diluted 
salicylic acid sample in ca. 4.5 hours (Figure S4). The 13C NMR spectra extracted from the rows 
of the 2D HETCOR spectrum gave an average 13C peak FWHM of 0.37 ppm, which represents a 
factor 1.8 direct improvement in resolution compared to the 1D 13C CPMAS spectrum of the 
diluted sample. In comparison, the 13C NMR spectra extracted from the rows of the 2D 
HETCOR spectrum of pure salicylic acid gave an average 13C FWHM of 0.44 ppm (Figure 2B). 
In summary, the experiments on hexamethylbenzene, salicylic acid and aspirin suggest that 2D 
1H-13C HETCOR experiments have a sensitivity that is about a 5-7 times lower than a 
corresponding 1D CPMAS experiment. In cases where sensitivity is a limitation, dilution could 
be the preferred method to reduce ABMS broadening as it may provide up to a 2-fold 
improvement in resolution, consistent with previous experiments on diluted materials.5, 7 
Page 24 of 80Physical Chemistry Chemical Physics
 16
However, the 2D HETCOR spectrum simultaneously provides 13C NMR spectra with the highest 
direct resolution and provides additional information and resolution by correlating the 13C 
chemical shifts to the high resolution 1H NMR spectra. The resolution of the HETCOR NMR 
spectra will also improve at higher magnetic field, while the resolution of a 1D solid-state NMR 
spectrum of a diluted sample will remain constant.  
Solid-State NMR Experiments on Dicoumarol and Ibuprofen. In order to test the general 
applicability of 2D HETCOR NMR experiments to reduce broadening by ABMS, we have also 
performed experiments on dicoumarol and ibuprofen. Ground dicoumarol exhibited very broad 
peaks at 9.4 T and 105 K, suggesting that ABMS broadening was substantial (FWHM ≈ 1.7 ppm 
in the 13C projection of the DNP enhanced 2D 1H-13C CP-HETCOR spectrum). A row extracted 
from a DNP enhanced 2D 1H-13C HETCOR spectrum of dicoumarol gave a 13C NMR spectrum 
with ca. 1.4 times higher resolution (Figure S5 and Table S2). For ibuprofen we observed an 
average FWHM of less than 0.45 ppm for the 13C peaks in the 1D 1H-13C CPMAS spectrum 
obtained at 18.8 T (Figure S6 and Table S3). This suggests that the inhomogeneous broadening 
due to ABMS is small for ibuprofen, consistent with previous reports.7 Consequently, the 
average FWHM of the 13C peaks is around 0.39 ppm in the row extracted from 2D 1H-13C 
HETCOR spectrum and there is only a modest improvement in resolution. Below we describe 
how 2D 1H-13C HETCOR experiments can be applied to detect different polymorphs in 
lyophilized aspirin. 
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Figure 3. (A) 18.8 T 2D 1H-13C CP-HETCOR solid-state NMR spectrum of lyophilized aspirin. The 
spectrum was acquired with eDUMBO-122 
1H homonuclear decoupling applied during the t1 evolution 
period and a 2.5 ms CP contact time. The MAS frequency was νr = 8928 Hz. (B) Comparison of 
13C 
solid-state NMR spectra of lyophilized aspirin obtained with a 1D 1H-13C CPMAS experiment and νr = 
12500 Hz (top trace), the projection of the 2D HETCOR spectrum, and spectra extracted from the rows of 
the HETCOR spectrum at 1H chemical shifts of 1.40 ppm and 1.65 ppm (lower trace). The red lines 
overlaid on the spectra are fits of the resolved peaks to a mixed Lorentzian/Gaussian function. The 
average FWHM (∆) determined from the fits is indicated. The dashed green lines indicate the rows used 
for resolution comparisons.  
 
Observing Polymorphs of Aspirin with 2D 
1
H-
13
C HETCOR Experiments. Acetylsalicylic acid 
(aspirin) is one of the oldest and most widely consumed pharmaceuticals. The crystal structure of 
the most common form of aspirin (form I) was initially solved in 1964.53 However, on the basis 
of melting point and dissolution rate measurements it had long been hypothesized that a second 
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crystalline form of aspirin (form II) existed.54-56 In 2004 Ouvrard and Price predicted the 
existence of aspirin form II with crystal structure prediction calculations and suggested that the 
energy of form I and form II are essentially identical.57 In 2005 Munson and co-workers reported 
that a lyophilized sample of aspirin showed a second methyl 13C peak its 13C CPMAS solid-state 
NMR spectrum and hypothesized that this second peak corresponded to a different crystalline 
form of aspirin.58 Zaworotko and co-workers subsequently presented a crystal structure of form 
II in 2005, however, the structure they reported showed large R-factors.59 Bond et al. then 
confirmed the proposed crystal structure of form II by performing X-ray diffraction on higher 
purity single crystals.60 They also showed that because forms I and II have very similar 
structures, it is likely that form I and form II likely exist as inter-grown crystals61 and this 
explained why the isolation and crystal structure determination of form II crystals was 
challenging.60 Bond et al. have recently managed to produce diffraction quality single crystals of 
higher purity form II by crystallizing aspirin in the presence of aspirin anhydride.56 Very recently 
a third stable form of aspirin, form IV, was successfully crystallized from molten aspirin.62 
Figure 3 shows the 1D 1H-13C CPMAS and 2D 1H-13C HETCOR solid-state NMR spectra of 
lyophilized aspirin obtained with a magnetic field of 18.8 T. The methyl region of the 1D 1H-13C 
CPMAS spectrum of lyophilized aspirin appears to contain two overlapping 13C NMR signals in 
the methyl region (Figure 3B). There is an intense methyl 13C NMR signal with an isotropic 
chemical shift of 20.0 ppm which matches the chemical shift previously reported for the methyl 
group in form I of aspirin.63, 64 The second methyl 13C NMR signal appears as a low intensity 
shoulder on the main peak and has a chemical shift of 20.7 ppm, which we assign to aspirin form 
II (vide infra). However, the peaks in the 1D 1H-13C CPMAS spectrum have a FWHM of ca. 0.7 
ppm and low resolution prevents the overlapping methyl signals from being clearly resolved. A 
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1D 13C CPMAS spectrum of 14 volume % lyophilized aspirin diluted in KBr was also obtained. 
In the diluted sample the average FWHM of the 13C peaks was 0.6 ppm and this corresponds to a 
marginal improvement in resolution as compared to the 1D 13C CPMAS spectrum of pure 
material (Figure S7).  
A 2D 1H-13C HETCOR spectrum of lyophilized aspirin was obtained at 18.8 T to determine if 
distinct 1H and 13C chemical shifts could be observed for form I and form II. The 2D 1H-13C 
HETCOR spectrum clearly shows tilted cross-peaks which are characteristic of ABMS 
broadening being the dominant contribution to the inhomogeneous linewidth. Comparison of the 
1D 1H-13C CPMAS and 2D HETCOR spectra illustrates the significant improvement in 
resolution in the rows/columns of the 2D HETCOR spectrum. The 13C peaks in the rows 
extracted from the HETCOR spectrum have an average FWHM of 0.36 ppm, while an average 
FWHM of 0.69 ppm was observed in the 1D 1H-13C CPMAS spectrum (FWHM are summarized 
in Table S4). Therefore, the 2D HETCOR spectrum provides nearly a two-fold improvement in 
direct resolution. The added dispersion from the 1H dimension in the 2D HETCOR spectrum also 
helps to separate and resolve overlapping signals.  
The chemical shifts of the methyl groups associated with form I [δiso(
13C) = 20.0 ppm, δiso(
1H) 
= 1.6 ppm] and form II [δiso(
13C) = 20.7 ppm, δiso(
1H) = 1.4 ppm] can be directly read from the 
2D HETCOR spectrum or from the individual columns/rows (Figure 3B, Figure S8). 
Comparison of the 13C solid-state NMR spectra obtained from the rows of the HETCOR 
spectrum at these two 1H chemical shift positions suggests that the methyl 13C NMR peaks are 
the only ones which have substantially different isotropic chemical shifts in form I and form II. 
Plane-wave DFT GIPAW calculations of 1H and 13C chemical shifts for form I and form II are 
consistent with the experimental results and predict the largest 1H and 13C chemical shift 
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differences for the methyl groups (Tables S5 and S6). The known single crystal X-ray diffraction 
structures of form I and form II show that the main difference in the two crystal structures is the 
relative orientations of the methyl groups of adjacent aspirin molecules within the lattice,59, 60 
and this likely explains why the methyl carbons and hydrogen of each form show the largest 13C 
and 1H isotropic chemical shift differences.  
The DFT calculations also predict that there is a difference in the calculated isotropic 13C 
chemical shifts for the protonated aromatic carbon that is ortho to the acetyl group (C3, Figure 
S9). However, it is difficult to determine the experimental 13C chemical shift values for C3 in 
form I and form II because these resonances are of low intensity at 18.8 T due to substantial 
chemical shift anisotropy. The form II signals are also obscured by the much more intense form I 
signals. Subsequently, a DNP enhanced 9.4 T 1D 1H-13C CPMAS and 2D 1H-13C HETCOR 
solid-state NMR spectrum of lyophilized aspirin was obtained to see if the ortho carbon signals 
of the two forms could be resolved with better sensitivity provided by DNP (Figure S10). The 
DNP enhancement for both forms was identical (εC CP = 7.5), which is consistent with the fact 
that both forms are likely inter-grown and present within the same crystallites.61 Note that the 1H 
and 13C chemical shifts slightly differ in the 105 K DNP enhanced and conventional room 
temperature solid-state NMR spectra. For example, the chemical shifts of the methyl groups 
associated with form I [δiso(
13C) = 19.8 ppm, δiso(
1H) = 1.6 ppm] and form II [δiso(
13C) = 20.9 
ppm, δiso(
1H) = 1.2 ppm] differ from those at room temperature. The low sample temperature and 
lower magnetic field of 9.4 T used for acquisition of the DNP enhanced 2D 1H-13C HETCOR 
experiment leads to slightly poorer resolution as compared to the solid-state NMR spectra 
obtained at the higher field of 18.8 T. However, examination of the 13C peak assigned to the 
carbon ortho to the acetyl group  in form I shows that there is a primary intense signal at δiso(
13C) 
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= 125.1 ppm and a weak shoulder at a slightly higher chemical shift of δiso(
13C) = 125.4 ppm 
which is assigned to the C3 signal of form II.  
 
Conclusions 
Here we have shown that when ABMS is the dominant inhomogeneous broadening 
mechanism 2D HETCOR NMR spectra can provide direct gains in spectral resolution of a factor 
1.5 to 8 as compared to the corresponding 1D spectrum. The direct gain in resolution achieved in 
the rows/columns of the 2D HETCOR spectrum depends upon ratio of the inhomogeneous 
13C/1H linewidth due to ABMS and the homogeneous 1H linewidth (∆inhom. ABMS/∆hom.). Higher 
magnetic fields lead to larger inhomogenous ABMS broadening which enables the 2D 1H-13C 
HETCOR experiments to further enhance resolution. Modern homonuclear decoupling schemes 
such as eDUMBO-122, PMLG, LG-4, TIMES, etc. typically result in homogeneous 
1H linewidths 
of around 200 Hz (ca. 0.5 ppm at 9.4 T).40, 49-52 A homogeneous 1H linewidth of 200 Hz would 
correspond to 2D HETCOR slices with 1H and 13C NMR spectra with peaks with FWHM of 0.5 
ppm at 9.4 T and 0.25 ppm at 18.8 T. Therefore, in order for the 2D 1H-13C HETCOR approach 
to be able to improve resolution, the inhomogeneous broadening due to ABMS likely must be 
greater than 0.5 ppm. Note that the refocused 13C transverse relaxation time (T2’) of rigid 
protonated organic solids is usually longer than 20 ms and this corresponds to a homogeneous 
13C linewidth less than 15 Hz.65, 66 Therefore, the homogeneous 13C linewidth is unlikely to make 
a substantial contribution to the observed linewidth in the slices of the 2D HETCOR spectra. For 
the samples studied here the 2D HETCOR spectra provided better direct resolution than 1D 
solid-state NMR spectra of samples diluted in materials with isotropic susceptibility. 
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We anticipate that the 2D HETCOR strategy outlined here represents a simple and highly 
sensitive method to improve the resolution of 1H and 13C solid-state NMR spectra of aromatic 
organic solids with next generation high field NMR spectrometers which have magnetic fields 
above 35 T.67 2D HETCOR solid-state NMR experiments at higher applied magnetic fields will 
also bring other well known benefits such as improved 1H NMR signal dispersion. Our results 
also suggest that 2D HETCOR experiments could be useful for the final optimization and testing 
of homonuclear and heteronuclear decoupling schemes at high magnetic fields where the limiting 
factor on resolution is likely to be inhomogeneous ABMS broadening. 
 
EXPERIMENTAL 
Hexamethylbenzene, dicoumarol, salicylic acid, ibuprofen, lactose and potassium bromide 
were purchased from Sigma Aldrich and used without further purification. Aspirin was 
purchased from Fluka. Samples of aspirin containing both form I and form II were prepared by 
lyophilizing a 1 mg/mL solution of aspirin in deionized water. Vials containing 5 mL of the 
solution were lyophilized with a VirTis adVantage Plus bench top freeze dryer. The solution was 
cooled to –5 °C and held at this temperature for 30 minutes, then cooled and held at –45 °C for 
two hours. The frozen solution was then warmed to –35 °C and the primary drying step was 
performed by subjecting the sample to a 60 mTorr vacuum for 72 hours at this temperature. The 
sample was then warmed to 30 °C over the course of 8 hours and held at this temperature for 4 
additional hours to remove any remaining water.  
In order to prepare samples of dicoumarol and salicylic acid for DNP experiments they were 
finely ground by hand in a mortar and pestle for several minutes in order to reduce the particle 
sizes.44 The lyophilized aspirin sample was not ground in order to avoid inducing phase 
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transitions between the two polymorphic forms. The powdered solids were then impregnated68 
with a 16 mM solution of TEKPol47 in 1,1,2,2-tetrachloroethane48 (salicylic acid), an 11 mM 
solution of AMUPol69 in glycerol-d8/D2O/H2O 60/30/10 (dicoumarol), or a 16 mM solution of 
TEKPol in 1,3-dibromobutane (lyophilized aspirin). The impregnated samples were then packed 
into 3.2 mm sapphire rotors and capped with PTFE inserts. 
In order to demonstrate the effects of sample dilution on ABMS broadening, solid-state NMR 
experiments were performed on samples of hexamethylbenzene, salicylic acid and lyophilized 
aspirin diluted in solids with isotropic or neglibigle ABMS (KBr and lactose). 4.0 mg of 
hexamethylbenzene was mixed in 96 mg of KBr to give a solid mixture which was ca. 10 % 
hexamethlybenzene by volume. 10.2 mg of finely ground salicylic acid was mixed with 90.1 mg 
of ground lactose to give a solid mixture which was ca. 10% salicylic acid by volume. 35 mg of 
the lactose/salicylic acid mixed powder was then impregnated with 20 mL of 16 mM TEKPol47 
1,1,2,2-tetrachloroethane solution and transferred to a sapphire DNP rotor. 7.9 mg of finely 
ground lyophilized aspirin was mixed with 91.9 mg of KBr to give a mixture which was ca. 14 % 
aspirin by volume. 
Conventional solid-state NMR experiments were performed on a standard bore 18.8 T 
spectrometer or a 9.4 T spectrometer both of which were equipped with a Bruker Avance III HD 
console. A Bruker 3.2 mm triple resonance HCN probe was used for acquisition of all spectra at 
18.8 T. A 2.5 mm HXY triple resonance probe was used for conventional solid-state NMR 
experiments at 9.4 T. DNP enhanced solid-state NMR experiments were performed on a Bruker 
9.4 T 400 MHz/263 GHz solid-state NMR spectrometer70 equipped with a Bruker Avance III 
console. A Bruker 3.2 mm triple resonance DNP probe configured in HCN triple resonance 
mode was used for acquisition of all spectra. The sample temperature for DNP experiments was 
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approximately 110 K. Adamantane and 1-13C labelled glycine were used to optimize CP 
experiments and homonuclear decoupling conditions. 1H pulse lengths and rf fields were directly 
calibrated on the samples of interest. The 1H chemical shifts were referenced to neat 
tetramethylsilane by the use of adamantane (δiso(
1H) = 1.82 ppm) as a secondary chemical shift 
standard. 13C chemical shifts were referenced to neat tetramethylsilane by the use of adamantane 
(δiso(
13C) = 38.48 ppm). For the samples on which HETCOR experiments were performed the 
sample was confined to the central half of the rotor to reduce rf inhomogeneity. This was done 
by packing powdered polytetrafluorethylene or KBr below and above the sample of interest into 
the upper and lower quarters of the rotor.  
All CPMAS experiments71, 72 were performed with a variable amplitude 1H contact pulse 
which was linearly ramped from 90% to 100% rf field to broaden the Hartmann-Hahn match 
condition.73 The rf field of the spin lock pulses in the CP experiments was typically between 50 
and 75 kHz for 1H and 13C. SPINAL-64 1H heteronuclear decoupling was applied during 13C 
signal acquisition with a 1H rf field of 100 kHz.74 The 13C signal acquisition time was between 
30 and 40 ms in all cases. The pulse sequence used for acquisition of 2D 1H-13C CP-HETCOR 
solid-state NMR spectra is shown in Figure S11.75, 76 eDUMBO-122 homonuclear 
1H 
decoupling40 was applied during the indirect dimension evolution period (t1). The eDUMBO-122 
pulse duration and rf field was 40.0 µs and 96 kHz, respectively, for HETCOR experiments at 
18.8 T. The eDUMBO-122 pulse duration and rf field was 32.0 µs and 100 kHz, respectively, for 
DNP enhanced HETCOR experiments at 9.4 T. The 1H spectral width was scaled by a factor of 
1.7 to 1.9 to correct for scaling of the 1H chemical shift by homonuclear decoupling.  The total 
indirect dimension evolution time in the 1H-13C HETCOR experiments was typically longer than 
6 ms. The MAS frequency for all HETCOR experiments was between 7500 and 9000 Hz. DNP 
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enhanced HETCOR spectra were typically acquired with 2 to 16 scans per increment while 
conventional HETCOR spectra required 4 to 32 scans per increment. Shifted Gaussian 
apodization functions were applied to the 1H and 13C NMR spectra in order to improve resolution 
and these parameters are reported in Table S7.  
Plane-wave DFT calculations were performed with CASTEP77 within the Materials Studio 
software package. All calculations used the Perdew-Burke-Ernzerhof (PBE) exchange 
correlation functional78 with ultrasoft pseudopotentials generated on-the-fly.79 The calculations 
used a plane-wave basis set with a maximum cutoff energy of 800 eV, with integrals taken over 
the Brillouin zone by using a Monkhorst−Pack grid of minimum sample spacing 0.09 Å. 1H and 
13C chemical shieldings were calculated with the GIPAW method.80 Calculated 13C chemical 
shifts were derived using a reference shielding value obtained through linear regression of a plot 
of calculated shielding vs. experimental shifts (see the ESI for details). The room temperature 
crystal structures of aspirin form I (CSD code: ACSALA07)81 and form II (CSD code: 
ACSALA17)61 were used for calculations. Prior to calculation of chemical shielding the 
hydrogen atom positions were optimized while the unit cell parameters and heavy atom positions 
were fixed. The calculated chemical shielding values and chemical shifts are reported in Tables 
S5 and S6. 
ELECTRONIC SUPPLEMENTARY INFORMATION 
Additional solid-state NMR spectra, results of plane-wave DFT calculations, data analysis and 
details on spectral processing. 
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Figure S1. Comparison of the methyl peak widths in the 9.4 T 13C solid-state NMR 
spectra of hexamethylbenzene (HMB) obtained from a pure sample and HMB diluted in 
KBr.  (A) 13C solid-state NMR spectrum of pure HMB obtained from the positive 
projection of the 2D 1H-13C CP-HETCOR spectrum, (B) 13C solid-state NMR spectrum 
of HMB obtained from a row of the 2D 1H-13C CP-HETCOR spectrum, (C) 1D 13C 
CPMAS spectrum of 10 vol. % HMB in KBr. Fits of 13C methyl peak are overlaid as red 
traces and the measured FWHM (Δ) is indicated.  
 
 
Figure S2. 18.8 T 2D 1H-13C CP-HETCOR spectrum of hexamethylbenzene and 
comparison of the 1D CPMAS NMR spectrum to spectra obtained from the HETCOR 
spectrum. (A) Standard 2D HETCOR spectrum and (B) 2D HETCOR spectrum obtained 
after a shearing transformation to obtain high 13C resolution. (C) Comparison of 13C 
solid-state NMR spectra obtained from a 1D 13C CPMAS experiment, the positive 
projection of the 2D HETCOR spectrum, a single row of the 2D HETCOR spectrum, the 
positive projection of the sheared 2D HETCOR spectrum and a single row of the sheared 
HETCOR spectrum. 
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Figure S3. Comparison of DNP enhanced 13C solid-state NMR spectra of pure and diluted 
salicylic acid (SA). For pure SA, the 13C NMR spectrum of the positive projection of the 2D 
HETCOR spectrum (top trace) is compared to 13C NMR spectra obtained from rows of the 
HETCOR spectrum at 1H chemical shifts of 7.8 ppm and 9.9 ppm. For 10 wt.% SA diluted in 
lactose the 1D 13C CPMAS spectrum is compared to the 13C NMR NMR spectrum obtained from 
row of the HETCOR spectrum at a 1H chemical shift of 9.9 ppm (lower two traces). Fits of the 
peaks to Lorentzian/Gaussian functions to measure FWHM (Δ) are shown in red and results are 
summarized in Table S1. The average FWHM for the fitted peaks is indicated. The complete 13C 
CPMAS NMR spectrum of dilute SA in lactose is shown in the inset. Asterisks denote lactose 
signals. 
 
Table S1. Summary of the FWHM of the 13C Peaks Measured in the DNP Enhanced 13C Solid-
State NMR Spectra of Pure and Diluted Salicylic Acid. 
Isotropic 13C  
Chemical 
Shift (ppm) 
Δ (Hz/ppm)  
Single Row 
–  
9.9 ppm 1H 
Δ (Hz/ppm)  
Single Row 
–  
7.8 ppm 1H 
Δ (Hz/ppm)  
Projection 
Δ (Hz/ppm)  
10 wt. % SAa  
Single Row – 
9.7 ppm 1H 
Δ (Hz/ppm)  
10 wt. % SAa 
CPMAS 
175.4 46/0.46 70.2/0.70 121/1.20 34/0.34 62/0.62 
160.9 49/0.49 76.7/0.77 118/1.17 37/0.37 63/0.63 
117.5 37/0.37 101.2/1.01 128/1.27 43/0.43 62/0.62 
110.9 45/0.45 73.7/0.74 119/1.18 37/0.37 65/0.65 
Average 44/0.44 80.4/0.80 122/1.21 38/0.38 63/0.63 
aThe sample was 10 wt. % salicylic acid and 90% lactose.    
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Figure S4. (A) DNP Enhanced 2D 1H-13C CP-HETCOR spectrum of 10 wt.% salicylic 
acid diluted in lactose. The powdered mixture was impregnated with a solution of 16 mM 
TEKPol dissolved in tetrachloroethane. (B) Comparison of 13C NMR spectra obtained 
from the projection of the HETCOR spectrum and the row with a 9.8 ppm 1H chemical 
shift. (C) Comparison of 1H NMR spectra obtained from the projection of the HETCOR 
spectrum and the column with a 160.9 ppm 13C chemical shift. Fits of the peaks to 
Lorentzian/Gaussian functions to measure FWHM (Δ) are shown in red and results are 
summarized in Table S1. The average FWHM for the fitted peaks is indicated. 
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Figure S5. (A) 9.4 T DNP enhanced 2D 1H-13C CP-HETCOR solid-state NMR spectrum 
of ground dicoumarol impregnated with an 11 mM AMUPol glycerol-d8/D2O/H2O 
60/30/10 solution. The MAS frequency was 7500 Hz. (B) Comparison of DNP enhanced 
13C solid-state NMR spectra of dicoumarol obtained with a CP-TOSS experiment (top 
trace), the positive projection of the 2D HETCOR spectrum (middle), and a spectrum 
extracted from a single row of the HETCOR spectrum at a 1H chemical shift of 5.94 ppm 
(lower trace). The red traces overlaid on the spectra are fits of the resolved peaks to a 
mixed Lorentzian/Gaussian function. The FWHM (Δ) determined from the fits are 
summarized in Table S2.  
 
 
Table S2. Summary of the FWHM of the 13C Peaks for Dicoumarol. 
Isotropic 13C Chemical 
Shift (ppm) 
Δ (Hz/ppm)  
Single Row  
– 5.9 ppm 
Δ (Hz/ppm)  
Projection 
163.8 129/1.28 180/1.79 
151.9 131/1.30 178/1.77 
102.6 121/1.20 170/1.69 
20.6 137/1.36 177/1.76 
Average 130/1.29 176/1.75 
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Figure S6. (A) 18.8 T 2D 1H-13C CP-HETCOR solid-state NMR spectrum of ibuprofen. 
The spectrum was acquired with a 2.5 ms CP contact time and a 8928 Hz MAS 
frequency. (B) Comparison of 13C solid-state NMR spectra of ibuprofen obtained with a 
1D 1H-13C CPMAS experiment (upper spectrum), the projection of the 2D HETCOR 
spectrum (middle), and a spectrum extracted from a row of the HETCOR spectrum at a 
1H chemical shift of 1.76 ppm (lower). The red lines overlaid on the spectra are fits of the 
resolved peaks to a mixed Lorentzian/Gaussian function. The FWHM (Δ) determined 
from the fits are summarized in Table S3. Asterisks denote spinning sidebands. 
 
Table S3. Summary of the FWHM of the 13C Peaks for Ibuprofen. 
Isotropic 13C  
Chemical Shift (ppm) 
Δ (Hz/ppm)  
Single Row 
1.8 ppm 1H 
Δ (Hz/ppm)  
Projection 
182.3 81/0.40 89/0.44 
141.2 81/0.40 86/0.43 
136.5 82/0.41 83/0.41 
45.0 91/0.45 99/0.49 
43.3  85/0.42 102/0.51 
31.6 82/0.41 96/0.48 
24.2 65/0.32 84/0.42 
21.2 67/0.33 88/0.44 
14.5 69/0.34 91/0.45 
Average 78/0.39 91/0.45 
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Figure S7. Comparison of 13C solid-state NMR spectra of lyophilized aspirin obtained 
from (A) 13C CPMAS spectrum at 18.8 T, (B) 13C NMR spectrum extracted from a row 
of the 2D 1H-13C CP-HETCOR spectrum at 18.8 T, (C) Positive projection of the 13C 
dimension of the 9.4 T DNP enhanced 2D 1H-13C CP-HETCOR spectrum, (D) 13C NMR 
spectrum extracted from a row of the DNP enhanced 2D 1H-13C CP-HETCOR spectrum, 
(E) Conventional 13C CPMAS spectrum at 9.4 T and 298 K of lyophilized aspirin diluted 
in KBr. The SNR and sensitivity are indicated for each spectrum. Fits of 13C methyl peak 
are overlaid as red traces and the average FWHM (Δ) measured for the fitted 13C peaks is 
indicated  
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Table S4. Summary of the FWHM of the 13C Peaks for Lyophilized Aspirin. 
Isotropic 13C  
Chemical 
Shift (ppm) 
Δ (Hz/ppm)  
Single Row 
1.6 ppm 1Ha 
Δ (Hz/ppm)  
Projectiona 
Δ (Hz/ppm)  
DNP – 
Single Row 
1.6 ppm 1Hb 
Δ (Hz/ppm)  
DNP – 
Projectionb 
Δ (Hz/ppm)  
14 vol. % in 
KBrc  
172.3 85/0.42 164/0.81 65/0.65 84/0.83 66/0.66 
171.0 79/0.39 135/0.67 62/0.62 82/0.81 56/0.55 
153.2 69/0.34 128/0.66 60/0.60 79/0.78 63/0.63 
20.0 60/0.30 131/0.65 60/0.60 84/0.83 52/0.52 
Average 73/0.36 140/0.69 62/0.62 83/0.82 59/0.59 
aConventional solid-state NMR experiments performed on an 18.8 T magnet. bDNP Enhanced solid-state 
NMR experiments were performed on an 9.4 T magnet with a sample temperature of ca. 100 K. cThe 
experiment was performed at room temperature with a 9.4 T magnet. 7.9 mg of lyophilized aspirin was 
diluted into 91.9 mg of finely ground KBr to give a mixture that was ca. 14% by volume aspirin. 
 
 
Figure S8. Homonuclear decoupled 1H solid-state NMR spectra of lyophilized aspirin 
obtained from the 18.8 T 2D 1H-13C CP-HETCOR solid-state NMR spectrum. The 2D 
HETCOR spectrum was obtained with a 3.0 ms CP contact time and a 8928 Hz MAS 
frequency. (A) 1H NMR spectrum obtained from the positive projection of the indirect 1H 
dimension of the HETCOR spectrum. 1H NMR spectra obtained from single columns of 
the 2D HETCOR spectrum at 13C chemical shifts of (B) 20.0 ppm (form I) and (C) 20.7 
ppm (form II).  The 1H nuclei of the methyl groups of the two forms clearly show 
different isotropic chemical shifts. 
10 8 6 4 2 0
(A) HETCOR Projection
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Table S5. Summary of Calculated 13C Isotropic Chemical Shifts for Aspirin Form I and 
Form II.   
 Form I  Form II   
Atoma σiso 
(ppm) 
δiso (ppm)  
cal.b 
δiso (ppm)  
exp. 
σiso 
(ppm) 
δiso (ppm)  
cal.b 
δiso (ppm)  
exp. 
δcal(Form I) – 
δcal(Form II) 
(ppm) 
C1 47.99 121.4 122.3 48.07 121.4 122.3 0.07 
C2 12.48 155.4 153.1 12.70 155.2 153.1 0.07 
C3 
44.89 124.4 
125.6/ 
125.1c 43.90 125.4 
NA/ 
125.4c -0.96 
C4 30.81 137.9 138.6 31.07 137.6 138.6 0.18 
C5 41.78 127.4 127.9 41.74 127.4 127.9 -0.07 
C6 34.52 134.3 134.7 34.76 134.1 134.7 0.17 
C7 -2.78 170.0 171.0 -2.83 170.0 171.0 -0.24 
C8 -6.45 173.5 172.3 -5.99 173.1 172.3 0.24 
C9 154.29 19.8 20.0 153.14 20.9 20.9 -0.72 
aThe atom numbering is shown in Figure S5. bIsotropic shielding values were converted to 
isotropic shift values by plotting the experimental isotropic chemical shifts for aspirin form I and 
form II as a function of the corresponding calculated shielding constants. A linear regression 
analysis of this plot yielded the equation δiso cal. = –0.9526×σiso + 167.33 ppm. This equation was 
then used to convert the calculated shielding values to calculated shift values. cMeasured from the 
105 K DNP enhanced 2D 1H-13C HETCOR spectrum. The chemical shifts at low temperature 
slightly differ from those at room temperature.  
 
Table S6. Summary of Calculated 1H Isotropic Shieldings for Aspirin Form I and Form 
II.   
 Form I  Form II    
Atoma σiso 
(ppm) 
δiso cal.b 
(ppm) 
δiso exp.c 
(ppm) 
σiso 
(ppm) 
δiso calc.b 
(ppm) 
δiso exp.c 
(ppm) 
δcal(Form I) – 
δcal(Form II) 
(ppm) 
H1 23.88 7.21 7.0 23.85 7.24 7.1 -0.03 
H2 23.26 7.83 7.5 23.24 7.85 7.5 -0.02 
H3 23.12 7.97 7.5 23.12 7.97 7.5 0.00 
H4 22.46 8.63 8.1 22.46 8.63 8.1 0.00 
H5 28.75 2.34 – 30.15 0.94 – – 
H6 30.43 0.66 – 30.47 0.62 – – 
H7 29.14 1.95 – 28.99 2.10 – – ⟨H5-H7⟩ 29.44 1.65 1.6 29.87 1.22 1.4 0.43 
H8 16.15 14.94 12.7c 16.06 15.03 N/Ac -0.09 
aThe atom numbering is shown in Figure S5. bIsotropic shielding values were converted to 
isotropic shift values by using the average calculated shielding and experimental chemical shift 
for the 1H nuclei in the methyl group of form I: δiso(x) = 1.65 ppm + σiso, avg.(CH3-form I) – σiso(x). 
In this case the experimental chemical shifts were not known with enough certainty to construct a 
calibration curve. The chemical shifts calculated in this way are likely inaccurate and only their 
relative differences should be considered. cExperimental 1H chemical shifts were measured from 
columns for the respective methyl group signals of form I and form II within the 2D HETCOR 
spectrum. See Figure S4. The acid proton 1H chemical shift for form I was determined from a 1H 
spin echo spectrum obtained with a 12.5 kHz MAS frequency. It was not possible to 
experimentally determine the acid proton 1H chemical shift for form II. 
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Figure S9. Atom numbering for calculation of 1H and 13C chemical shifts of aspirin.  
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Figure S10. (A) 9.4 T DNP enhanced 2D 1H-13 C CP-HETCOR solid-state NMR 
spectrum of lyophilized aspirin impregnated with a 16 mM TEKPol 1,3-dibromobutane 
solution. The spectrum was acquired with eDUMBO-122 1H homonuclear decoupling 
applied during the t1 evolution period and a 2.5 ms CP contact time. The MAS frequency 
was 8000 Hz. (Right) Comparison of 1D 13C solid-state NMR spectra obtained (B) with a 
CP-TOSS experiment (C) from the projection of the 2D HETCOR spectrum and from 
rows of the HETCOR spectrum with 1H chemical shifts of (D) 1.6 ppm and (E) 1.2 ppm. 
(F) Expanded view of the 1D 13C solid-state NMR spectra centered on the C3 resonance. 
The 13C chemical shift of C3 in form II is assigned to 125.1 ppm. In the 1.2 ppm 1H 
chemical shift row, there is a second low intensity shoulder observed at a higher carbon 
chemical shift of 125.4 ppm which is assigned assigned to C3 in form II. As expected, 
this peak shifts to 125.8 ppm in the 1.6 ppm 1H chemical shift row and has reduced 
intensity.  
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Figure S11. Pulse sequence used for the acquisition of 2D 1H-13C CP-HETCOR spectra. 
 
 
Table S7. Summary of Shifted Gaussian Apodization Parameters Used for Data 
Processing.  
 1H 13C 
 
Spectrum 
Gaussian 
Position 
Line 
Broadening 
(Hz) 
Gaussian 
Position 
Line 
Broadening 
(Hz) 
Hexamethylbenzene 
HETCOR – 9.4 T 0.4 –0.01 0.3 –2.0 
HETCOR – 18.8 T 0.3 –10.0 0.3 –2.0 
10 vol. % in KBr – 
9.4 T 
– – 0.02 –1.0 
Salicylic acid 
HETCOR 0.1 –5.0 0.1 –2.0 
10 wt. % Salicylic Acid in Lactose 
CPMAS – – 0.08 –5.0 
HETCOR 0.1 –2.0 0.08 –2.0 
Lyophilized aspirin  – 18.8 T 
CPMAS – – 0.15 –5.0 
HETCOR 0.15 –10.0 0.1 –5.0  
Lyophilized aspirin  – 9.4 T, DNP Enhanced 
HETCOR 0.4 –4.0 0.2 –5.0  
14 vol. % lyophilized aspirin in KBr – 9.4 T 
CPMAS – – 0.1 –5.0  
Dicoumarol 
CP TOSS – – 0.15 –10.0 
HETCOR 0.15 –5.0 0.15 –10.0 
Ibuprofen 
CPMAS – – 0.1 –10.0 
HETCOR 0.3 –10.0 0.1 –10.0 
 
 
1H
13C
eDUMBO-122 CP
CP
π/2 θ
π t2
t1
SPINAL-64
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